2 4 3 a r t I C l e S NK cells are among the first responders to danger signals and can be swiftly mobilized to target organs in the early stages of inflammation [1][2][3][4][5] [6] . The homeostasis and function of NK cells, as well as their effects on other cell types, have been extensively characterized in many target organs of inflammation, where NK cells typically undergo compartment contraction when inflammation wanes 3,4, [7] [8] [9] [10] . However, little is known about the fate of NK cells recruited into the inflamed CNS. It has been proposed that, after homing to the inflamed CNS, NK cells become receptive to cells and factors that they have not previously encountered in the periphery 1 . However, the cellular and molecular interactions of NK cells with cells of the CNS that ultimately shape NK cell homeostasis and function in this target organ are not well understood.
a r t I C l e S NK cells are among the first responders to danger signals and can be swiftly mobilized to target organs in the early stages of inflammation [1] [2] [3] [4] [5] [6] . The homeostasis and function of NK cells, as well as their effects on other cell types, have been extensively characterized in many target organs of inflammation, where NK cells typically undergo compartment contraction when inflammation wanes 3,4,7-10 . However, little is known about the fate of NK cells recruited into the inflamed CNS. It has been proposed that, after homing to the inflamed CNS, NK cells become receptive to cells and factors that they have not previously encountered in the periphery 1 . However, the cellular and molecular interactions of NK cells with cells of the CNS that ultimately shape NK cell homeostasis and function in this target organ are not well understood.
The CNS is a distinct microenvironment that allows intimate interactions between the immune and nervous systems. Such interactions determine the magnitude of immune-mediated tissue damage in the CNS and perhaps the subsequent neurorepair mechanisms. Multiple sclerosis (MS) and its animal model experimental autoimmune encephalomyelitis (EAE) are classic organ-specific autoimmune diseases characterized by massive CNS inflammatory infiltrates that include NK cells 1, [11] [12] [13] . NK cells limit local inflammatory and autoimmune responses and shape the immune-mediated damage to myelin during the initiation of EAE [11] [12] [13] [14] . EAE in C57BL/6 mice is characterized by neurological deficits mediated by autoimmunemediated damage to the myelin sheath, followed by spontaneous partial recovery with attenuated brain inflammation.
SVZ type B cells are NSCs that have the capacity to proliferate and differentiate into neurons and glia 15 , giving rise to transit-amplifying progenitors (type C cells) that, in turn, can differentiate into neuroblasts (type A cells) and migrate to sites of brain insult 16, 17 . Thus, this cell lineage differentiation pathway proceeds from type B to type C to type A cells, with type B cells exhibiting properties of multipotent stem cells 15 . The finding that inflammation activates SVZ cells but that recovery from EAE is only partial suggests that the neurorepair functions of these cells during recovery from EAE are insufficient or even impaired [18] [19] [20] . However, the underlying mechanisms remain unclear.
In addition to their effects on neurons and glia, recent studies have indicated that neural stem or progenitor cells are capable of imparting immunomodulatory effects that can influence brain inflammation [21] [22] [23] . However, the target cells of NSC-mediated immunomodulation remain unclear. Considering the critical role of NK cells in controlling inflammatory responses in the CNS 1,5,12,24,25 , we investigated the possible interactions between NSCs and NK cells during CNS inflammation and their effects on neurorepair and recovery from EAE. We found that NSCs and NK cells engage in reciprocal interactions during CNS inflammation that control neurorepair during recovery from EAE, thus identifying these interactions as targets for immunotherapy of inflammatory diseases of the CNS.
RESULTS

Retention of NK cells in the SVZ during brain inflammation
Cells expressing the NK cell marker NKp46 densely populated brain sections from patients in the chronic stage of MS and were predominantly located in the SVZ (Fig. 1a-d,h ), whereas NKp46 + cells were less abundant in the adjacent striatum ( Fig. 1f-h ) and absent in SVZ in controls without neurological disease (Fig. 1e) . Further, NKp46 + cells resided in close proximity to periventricular ribbon cells expressing the astrocyte marker GFAP (Fig. 1b) and the neural stem/progenitor cell marker EGFR (Fig. 1c) . The latter population includes NSCs; that is, type B cells. In particular, NKp46 + cells were in close proximity to GFAP + SOX2 + cells (Fig. 1d) , which are NSCs. Thus, NK cells that have infiltrated the CNS are closely associated a r t I C l e S with NSCs, possibly interacting with these cells in the SVZ of the human brain.
The homing of NK cells to the brain has been examined in EAE during the initiation and peak phase of the disease [12] [13] [14] . However, the fate of NK cells in the CNS during the late stages of EAE has to our knowledge not been previously studied. To investigate this aspect, and to facilitate the visualization of NK cells, we induced EAE in NK1.1-tdTomato Cd1d −/− mice, in which a red fluorescent reporter gene (tdTomato) has been knocked into an NK1.1 (Klrb1c) allele to specifically track NK cells, (in the absence of NK1.1-expressing, CD1d-dependent NKT cells) 26 . We found that, during the late stages of EAE in NK1.1-tdTomato Cd1d −/− mice NK cells accumulated in the SVZ, mainly within the neurogenic niche, in close proximity to GFAP + and EGFR + cells (Fig. 2a,b) .
A hallmark of NSCs is their state of quiescence, which is reflected by their ability to retain cell cycle S-phase labels such as BrdU for extended time periods. We found that NK cells were closely associated with GFAP + BrdU + cells (Fig. 2c) , suggesting potential interactions between NK cells and NSCs in the SVZ during EAE recovery.
We next analyzed the pattern and dynamics of NK cell accumulation in different regions of the brain. Histopathology showed that, during the late stages of EAE, NK cells accumulated in SVZ and were less abundant in spinal cord (Fig. 2d,g ). Of interest, NK cells were sparse in SVZ-adjacent areas such as the striatum (Fig. 2d,g ). NK cells were not noticeable in healthy controls immunized with myelin oligodendrocyte glycoprotein (MOG) (Fig. 2e,g ). Moreover, flow cytometry analysis of isolated SVZ cells from dissected SVZ tissue of MOG-primed NK1.1-tdTomato mice revealed that NK cells (CD3 − tdTomato + cells) started to accumulate in the SVZ before the peak phase of EAE. Such accumulation was more prominent during the late stages (Fig. 2f,h) , and NK cells were still detectable as late as 60 days post-immunization (dpi) (Fig. 2h) . All gates were set using fluorescence minus one (FMO) controls (Supplementary Fig. 1 ). This pattern of NK cell infiltration into the SVZ during EAE in mice is reminiscent of our findings in MS patients.
NSC-derived factors maintain NK cell homeostasis
We quantified inflammatory cytokines and chemokines in the CNS of EAE mice. Interferon (IFN)-γ, tumor necrosis factor (TNF)-α and interleukin (IL)-1β were greatly reduced during the late stages as compared with the peak phase of EAE (Supplementary Fig. 2) . Accumulation of NK cells within the SVZ in the context of attenuated brain inflammation raised the possibility that SVZ-derived factors sustain NK cells. Therefore, we collected SVZ cells, including NSCs and other progenitors 27 , from wild-type mice and analyzed factors produced by distinct SVZ subsets. Representative plots are shown in Figure 3a . Briefly, SVZ astrocytes were separated from SVZ cells according to GFAP expression. From the GFAP + pool, we isolated SVZ NSCs (type B cells, GFAP + EGFR + CD24 − ) from other SVZ astrocytes (GFAP + EGFR − CD24 − ) on the basis of epidermal growth factor receptor (EGFR) expression. Finally, from the GFAP − cell fraction, transit-amplifying cells (type C, GFAP − EGFR + CD24 − ) and neuroblasts (type A, GFAP − EGFR − CD24 low ) were isolated. All gates were set using FMO controls (Supplementary Fig. 3 ). We measured various cytokines and other signaling factors using a multiplex immunoassay method in cell lysates collected from cultured type B, C and A cells, as well as other SVZ astrocytes sorted from adult mouse SVZ at 0, 14 or 30 dpi. Of the 32 factors analyzed, each neural stem or progenitor a r t I C l e S cell (NSPC) subset produced a distinct profile of signaling factors, as indicated by unbiased cluster analysis (Fig. 3b) . Several factors (IL-4, IL-15, vascular endothelial growth factor (VEGF), monocyte chemotactic protein 1 (MCP-1)), including factors with potential to regulate the survival and function of NK cells, were produced in larger amounts by NSCs (type B cells). Focal inflammatory responses largely shape the fate of NSCs 23, 28 . Conversely, we tested whether NSC-derived factors can influence NK cell activity and NK cell-orchestrated focal inflammatory responses. For this purpose, we stereotactically injected either mouse NSCs (sorted from EAE SVZ at 30 dpi and cultured for 72 h) or vehicle into the striatum or spinal cord, where there are relatively few NSCs as compared with the SVZ. Following NSC injection during the recovery phase of EAE, we found that injected NSCs favored NK cell (CD3 − tdTomato + ) accumulation in the striatum (Fig. 3c,d ) and spinal cord (Fig. 3e,f) , with many cells expressing IFN-γ (CD3 − tdTomato + IFN-γ + ) (Fig. 3g-j) . Together, these data suggest that NSCs sustain accumulation of NK cells with IFN-γ production capacity in the brain during the late stages of EAE.
IL-15 produced by NSCs sustains NK cells
We next sought to identify whether there might be any specific NSCderived immune factors involved in NK cell regulation. We focused on IL-15 because it has been shown to be critical to NK cell homeostasis and function 29, 30 . Strikingly, we found that NSCs released abundant IL-15 relative to other CNS cells (Supplementary Fig. 4) . ELISA for IL-15 from lysates of cultured SVZ cells (sorted B, C and A type cells and other astrocytes from EAE SVZ at 30 dpi) showed that NSCs produced more IL-15 than other SVZ cells (Fig. 4a) . Immunostaining for IL-15 in brain sections containing SVZ revealed that IL-15 was expressed by SVZ GFAP + BrdU + cells during recovery from EAE (Fig. 4b) , and the majority of IL-15-expressing cells in SVZ were GFAP + (Supplementary Fig. 4 ). These data suggest that NSCs are a major source of IL-15 during the late stages of EAE, at which time the intensity of the inflammatory responses becomes less prominent (Supplementary Fig. 2 Supplementary Fig. 1 ). (g) Quantification of infiltrating NK cells (tdTomato + ) in brain sections from the SVZ of EAE mice (0-60 dpi) or healthy MOGimmunized and pertussis toxin-treated NK1.1-tdTomato Cd1d −/− controls. Average EAE disease grade for mice used for tissue analysis at the time of tissue collection was 2.3 ± 0.5. n = 6 mice per group. P = 0.007, EAE SVZ versus EAE striatum; P = 0.008, EAE SVZ versus EAE spinal cord. F(2,30) = 6.51, two-way ANOVA. (h) Time course of infiltrating NK cells in the SVZ, striatum and spinal cord of EAE mice. Cell infiltrates were isolated from brain homogenates. Kinetics of NK cell infiltration during EAE were quantified by flow cytometry. Absolute numbers of NK cells per SVZ, striatum or spinal cord tissue are shown. Average EAE disease grade for mice used for tissue analysis at the time of tissue collection was 3.3 ± 0.8 at 14 dpi, 2.2 ± 0.6 at 30 dpi, 1.9 ± 0.7 at 40 dpi and 1.7 ± 0.8 at 60 dpi. n = 8 mice per time point. P = 0.002, EAE SVZ versus EAE striatum; P = 0.001, EAE SVZ versus EAE spinal cord. F(30,294) = 7.48, two-way ANOVA. Data are representative of four independent experiments. Error bars represent s.e.m.; **P < 0.01. npg a r t I C l e S NK cells (CD3 − tdTomato + BrdU + ), IFN-γ-expressing NK cells (CD3 − tdTomato + IFN-γ + ) and NKG2D (CD314)-expressing NK cells (CD3 − tdTomato + NKG2D + ) were increased ( Fig. 4c-e) . Moreover, the effects of NSCs on NK cells were blocked by incubation with an IL-15-neutralizing antibody or an IL-15 receptor α (IL-15Rα)-blocking antibody ( Fig. 4c-e) . In addition, blockade of IL-15 or IL-15Rα abolished the effects of NSCs on NK cell survival (Fig. 4f) . To further study the impact of NSC-derived IL-15 on NK cells in vivo, we generated a lentivirus construct expressing an IL-15 small hairpin RNA from the nestin (Nes) promoter (Supplementary Fig. 5a ). Intraventricular injection of lenti-shIL-15 abrogated IL-15 production from nestinexpressing cells in SVZ (Supplementary Fig. 5b,c) . Loss of IL-15 in these cells resulted in reduced NK cell retention, BrdU incorporation and IFN-γ expression by NK cells in SVZ during the late stage of EAE ( Supplementary Fig. 5d-f) . Thus, NSC-derived IL-15 sustains NK cells in the SVZ.
The surface-bound form of IL-15 is responsible for cellular signaling to neighboring cells [29] [30] [31] , or 60 dpi. n = 8 mice per group at each time point. P < 0.001, 30 dpi; P < 0.001, 40 dpi; P = 0.002, 60 dpi. F(2,42) = 3.32, twoway ANOVA. In c-j, average EAE disease grade for mice used for tissue analysis at the time of tissue collection was 2.3 ± 0.6 (vehicle) and 2.0 ± 0.5 (NSC) in striatum, 2.3 ± 0.7 (vehicle) and 1.9 ± 0.6 (NSC) in the spinal cord at 30 dpi; 2.2 ± 0.6 (vehicle) and 1.9 ± 0.7 (NSC) in striatum, 2.3 ± 0.6 (vehicle) and 1.6 ± 0.5 (NSC) in the spinal cord at 40 dpi; 1.9 ± 0.6 (vehicle) and 1.5 ± 0.5 (NSC) in striatum, 2.0 ± 0.5 (vehicle) and 1.4 ± 0.6 (NSC) in the spinal cord at 60 dpi. Data are representative of three independent experiments. Error bars represent s.e.m.; **P < 0.01. npg a r t I C l e S expression of IL-15 by NSCs was observed during the peak phase of EAE. Such an increase was also found throughout the late stages of EAE ( Fig. 5a,b) . Previous findings have indicated that both IL-15 and IL-15Rα need to be expressed by the same cell for trans-presentation of . Thus, we sought to investigate whether IL-15Rα was upregulated and affected functional IL-15 production by NSCs during EAE. IL-15Rα surface expression by NSCs increased during EAE progression (Fig. 5a,c) . Further, ELISA of cell lysates from sorted NSCs (dpi 0-60) suggested that most IL-15 was chaperoned by IL-15Rα (Fig. 5d) . Together, these data suggested that IL-15 and IL-15Rα are coordinately expressed and upregulated in NSCs during EAE progression.
Finally, to determine whether NSCs provide IL-15 in trans to target NK cells, we cultured NSCs with NK cells in Transwell plates. In agreement with recent evidence on the role of surface-bound IL-15 (refs. 29-31), we observed a cell-cell contact-dependent maintenance of NK cell proliferation, function and survival in vitro supported by NSCs (Fig. 5e) . All gates were set using FMO controls ( Supplementary  Fig. 6 ). Thus, membrane-bound IL-15 trans-presented by IL-15Rα maintains NK cell homeostasis and function.
Mechanisms of increased IL-15 trans-presentation by NSCs
Since IL-15Rα is essential for the trans-presentation of IL-15, its surface upregulation on NSCs during EAE may influence the capacity of NSCs to modulate NK cell function. To study the mechanisms of IL-15Rα upregulation, we analyzed mRNA expression of Il15ra (encoding IL-15Rα) in SVZ NSCs during EAE. Although Il15ra mRNA levels remained unaltered over the course of the disease (Fig. 6a) , an elevation in surface IL-15Rα protein was observed on NSCs from mice with EAE (sorted from EAE SVZ and cultured for 48 h, 30 dpi; Fig. 6b,c) .
To provide further support for this finding, we inhibited protein trafficking and monitored changes in the surface expression of IL-15Rα using brefeldin A (BFA), which blocks protein transport from the endoplasmic reticulum to the Golgi 32, 33 . Exposure of NSCs to BFA in vivo prevented the increases in number of IL-15Rα + NSCs (Fig. 6b,c) and surface IL-15Rα expression (Fig. 6d,e and  Supplementary Fig. 7 ). These data suggest that increased trafficking of IL-15Rα to the cell surface in NSCs during EAE may contribute to increased IL-15 trans-presentation.
Elimination of NK cells promotes NSC proliferation
Recent studies have shown reduced proliferation of SVZ NSCs during late stages of EAE 18, 20 . To investigate the possible role of infiltrating NK cells in this phenomenon, we used an anti-NK1.1 monoclonal antibody (mAb) (PK136) to deplete NK cells during EAE 12, 26, 34 and examined NSC proliferation with a BrdU retention protocol (Fig. 7a  and refs. 35,36) . In mice treated with anti-NK1.1 mAb (14 dpi), we observed an increase in the numbers of BrdU + cells in SVZ of NKT celldeficient Cd1d −/− mice during the late stages of EAE (30, 40 , 60 dpi) but not at the peak phase of disease (Fig. 7c,d) . Quantification of GFAP + BrdU + cells confirmed an increase in the frequency of GFAP + BrdU + NSCs during the late stages of EAE in mice treated with NK1.1 mAb (Supplementary Fig. 8a-c) . In addition, GFAP + caspase-3 + cells were also reduced (Supplementary Fig. 8d,e) . 
npg a r t I C l e S
These results indicate that SVZ-infiltrating NK cells reduce the proliferation and number of NSCs during EAE, particularly during the late stages of EAE. To provide further support for this conclusion, we counted fresh NSCs from SVZ of EAE mice by flow cytometry. A dramatic reduction in the number of NSCs was found during the late stages of EAE (30, 40 and 60 dpi, Fig. 7g,h) . Further, depletion of NK cells increased the number of SVZ NSCs (30, 40 and 60 dpi; Fig. 7g,h (Fig. 7b) . We found that BrdU incorporation was higher in SVZ of Rag2 −/− γc −/− mice than in Rag2 −/− mice (Fig. 7e,f) , . n = 12 per group. P = 0.005, 0 dpi versus 14 dpi; P = 0.002, 0 dpi versus 30 dpi; P = 0.003, 0 dpi versus 40 dpi; P = 0.003, 0 dpi versus 60 dpi. F(4,55) = 15.36, one-way ANOVA. (c) Changes of surface IL-15Rα in GFAP + EGFR + cells isolated from EAE SVZ at 0-60 dpi. n = 12 per group. P = 0.003, 0 dpi versus 14 dpi; P = 0.001, 0 dpi versus 30 dpi; P = 0.002, 0 dpi versus 40 dpi; P = 0.002, 0 dpi versus 60 dpi. F(4,55) = 16.03, one-way ANOVA. In b,c, average EAE disease grade for mice used for tissue analysis at the time of tissue collection was 3.3 ± 0.9 at 14 dpi, 2.5 ± 0.7 at 30 dpi, 2.2 ± 0.9 at 40 dpi and 1.9 ± 0.6 at 60 dpi. Absolute numbers of cells per SVZ are shown.
(d) ELISA of total IL-15 and heteromeric IL-15/IL-15Rα complexes in lysates of cultured flow cytometry-sorted NSCs from EAE SVZ at 0-60 dpi. n = 9 per group at each time point. Average EAE disease grade for mice used for tissue analysis at the time of tissue collection was 3.1 ± 0.6 at 14 dpi, 2.2 ± 0.8 at 30 dpi, 1.8 ± 0.6 at 40 dpi and 1.5 ± 0.7 at 60 dpi. (e) BrdU + , IFN-γ + or annexin V + NK cells were counted by flow cytometry in cultures of NK cells with flow cytometry-sorted NSCs from 30-dpi EAE SVZ in the same well (with cell contact) or spatially separated (without cell contact) by a membrane (0.4-µm pores). Average EAE disease grade for mice used for NSC collection was 2.3 ± 0.6 at 30 dpi. All gates were set using FMO controls ( Supplementary Fig. 6 ). n = 9 per group. BrdU: P = 0.001, cell contact versus vehicle; P = 0.003, contact versus no contact. as compared with those from naive controls. Data in each group were internally normalized to Gapdh mRNA levels. n = 9 per group. Average EAE disease grade for mice used for tissue analysis at the time of tissue collection was 3.6 ± 0.9 at 14 dpi, 2.6 ± 0.7 at 30 dpi, 2.5 ± 0.9 at 40 dpi and 2.2 ± 0.8 at 60 dpi. (e) Effects of BFA on surface IL-15Rα protein levels in NSCs from EAE SVZ treated as indicated. Average EAE disease grade for mice used for tissue analysis at the time of tissue collection was 2.5 ± 0.5 (vehicle) and 1.9 ± 0.6 (BFA) at 30 dpi. n = 9 per group. P = 0.005, 30 dpi + vehicle versus control + vehicle; P = 0.02, 30 dpi + vehicle versus 30 dpi + BFA. F(3,32) = 3.36, one-way ANOVA. Results (a-e) are representative of three independent experiments. Error bars represent s.e.m.; *P < 0.05; **P < 0.01. npg a r t I C l e S confirming that the effects of NK cells on SVZ NSCs during EAE are independent of T, NKT and B cells. In further support of this conclusion, quantitation of SVZ NSCs obtained from Rag2 −/− and Rag2 −/− γc −/− mice during EAE showed reduced numbers of NSCs in Rag2 −/− mice during EAE recovery (Fig. 7i,j) . Furthermore, depletion of NK cells during EAE recovery did not affect the rapidly proliferating progenitors (type C and type A cells) (Supplementary Fig. 8g,h) . However, antibody-mediated (anti-NK1.1 mAb) or genetic (Rag2 −/− γc −/− ) depletion of NK cells before EAE initiation promoted proliferation of SVZ progenitors, including NSCs (type B cells), during the late stages of EAE (Supplementary Fig. 9 ). In summary, these data indicate that NK cells inhibit NSCs in a T-and B-cell-independent manner during late stages of EAE.
NK cells target SVZ type B cells with 'altered self'
To explore the possibility that NK cells may eliminate SVZ NSCs during EAE, sorted SVZ NSCs (GFAP + EGFR + CD24 − ) from EAE mice at 30 dpi were cultured for 24 h with NK cells. We found that NSCs obtained during the peak phase of EAE were more resistant to NK cell cytotoxicity than those obtained during the late stages of EAE (Supplementary Fig. 10a ).
NK cells employ perforin and granzyme B to lyse cells, which is associated with an influx of intracellular Ca 2+ . We therefore used the Ca 2+ chelator Fura-2 AM to analyze intracellular Ca 2+ dynamics of cultured NSCs (sorted from EAE SVZ at 30 dpi) after exposure to activated NK cells in vitro. Under control conditions (no NK cell treatment), constant intracellular Ca 2+ concentrations (ratio of 340 nm to 380 nm emissions in the selected region of interest) were observed over 15 min in NSCs from naive controls. As a positive control, we used the Ca 2+ pore-forming agent ionomycin 37 , which induced a strong Ca 2+ influx (Supplementary Fig. 10b-d) . Treatment with activated NK cells at a ratio of 10:1 increased intracellular Ca 2+ concentration in NSCs from EAE 30 dpi mice (Supplementary Fig. 10c,d) but not in NSCs from EAE 14 dpi mice, indicating that NK cells can lyse NSCs during the late stages of EAE.
Finally, to test whether NK cell-mediated inhibition of NSCs was associated with altered intrinsic proliferation of NSCs, NK cells were cultured with NSCs isolated from EAE mice (30 dpi). Cell proliferation was determined by additional BrdU incorporation in vitro and co-labeling with GFAP. An increase in caspase-3 + GFAP + cells was observed in the presence of NK cells (Supplementary Fig. 10e ), but the relative numbers of BrdU + GFAP + cells cultured with NK cells Average EAE disease grade for mice used for tissue analysis at the time of tissue collection was 3.2 ± 0.5 (IgG) and 3.8 ± 0.6 (NK1.1 mAb) at 14 dpi, 2.5 ± 0.6 (IgG) and 1.7 ± 0.5 (NK1.1 mAb) at 30 dpi, 2.3 ± 0.8 (IgG) and 1.4 ± 0.5 (NK1.1 mAb) at 40 dpi and 2.2 ± 0.6 (IgG) and 1.3 ± 0.7 (NK1.1 mAb) at 60 dpi. n = 12 mice per group at each time point. P = 0.005, 30 dpi; P = 0.007, 40 dpi; P = 0.008, 60 dpi. Fig. 3 ). Control, 0 dpi. (h) Counts of SVZ NSCs were increased in wild-type EAE mice 30-60 dpi treated with anti-NK1.1 mAb. Absolute numbers of cells per SVZ are shown. Control, 0 dpi. Average EAE disease grade for mice used for tissue analysis at the time of tissue collection was 3.1 ± 0.6 (IgG) and 3.7 ± 0.8 (NK1.1 mAb) at 14 dpi, 2.3 ± 0.7 (IgG) and 1.6 ± 0.6 (NK1.1 mAb) at 30 dpi, 2.3 ± 0.5 (IgG) and 1.5 ± 0.6 (NK1.1 mAb) at 40 dpi and 2.2 ± 0.5 (IgG) and 1.3 ± 0.5 (NK1.1 mAb) at 60 dpi. n = 12 mice per group at each time point. P = 0.005, 30 dpi; P = 0.02, 40 dpi; P = 0.03, 60 dpi. F(3,88) = 3.39, two-way ANOVA. (i) Flow cytometry shows more NSCs in EAE SVZ (30 dpi) of Rag2 −/− γc −/− mice than Rag2 −/− mice. All gates were set using FMO controls ( Supplementary Fig. 3 ). (j) There were significantly more NSCs in Rag2 −/− γc −/− than in Rag2 −/− EAE mice during the late stages of EAE (30-60 dpi), but not during the peak phase (14 dpi). Absolute numbers of cells per SVZ are shown. Average EAE disease grade for mice used for tissue analysis at the time of tissue collection was 3.0 ± 0.6 (Rag2 −/− ) and 3.2 ± 0.5 (Rag2 −/− γc −/− ) at 14 dpi, 2.5 ± 0.7 (Rag2 −/− ) and 1.6 ± 0.5 (Rag2 −/− γc −/− ) at 30 dpi, 2.3 ± 0.6 (Rag2 −/− ) and 1.5 ± 0.5 (Rag2 −/− γc −/− ) at 40 dpi and 2.2 ± 0.7 (Rag2 −/− ) and 1.3 ± 0.5 (Rag2 −/− γc −/− ) at 60 dpi. n = 12 mice per group at each time point. P = 0.007, 30 dpi; P = 0.03, 40 dpi; P = 0.02, 60 dpi. F(3,88) = 3.53, two-way ANOVA. Results (c-j) are representative of three independent experiments. Error bars represent s.e.m.; *P < 0.05; **P < 0.01. npg a r t I C l e S remained unaltered (Supplementary Fig. 10f ), suggesting that NK cells had no substantial influence on the proliferation of NSCs. Thus, the capacity of NK cells to suppress BrdU incorporation in NSCs is due mainly to direct cytotoxic effects of NK cells against SVZ cells.
Effects on immune tolerance
To investigate the mechanisms governing the differential susceptibility to NK cell-mediated cytotoxicity during the peak versus late stages of EAE exhibited by NSCs, we first characterized and compared the expression of different MHC class I molecules (H2-K, H2-D, RAE-1, CD1d, Qa1, MULT-1, H2-M3 and H60) on SVZ NSPCs freshly dissociated from EAE mice and controls. SVZ type B, C and A cells constitutively expressed MHC class I molecules that can either inhibit or activate NK cells (Fig. 8a) . We performed the same analyses at 14 and 30 dpi (peak versus late stages of EAE) and observed dynamic changes in the expression of inhibitory NK cell receptor NKG2A (CD94) ligands such as Qa1 during EAE progression (Fig. 8a) . Expression of Qa1 by NSCs was first increased during the peak of EAE disease (14 dpi) and then diminished during the late stages (30, 40, 60 dpi) (Fig. 8b,c) , whereas expression of NKG2D ligands such as RAE-1 and MULT-1 was not affected (Fig. 8c) .
We profiled the expression of Qa1 by SVZ type B cells (sorted from EAE SVZ at 30 dpi and cultured for 24 h) and found that expression of Qa1 (the ligand for NKG2A) was reduced on GFAP + cells (including type B cells) in SVZ sections (568 ± 93 cells per mm 2 at 0 dpi versus 220 ± 64 per mm 2 at 30 dpi, t(14) = 3.08, P < 0.01, n = 8 mice per group; average EAE disease grade for mice used for tissue analysis at the time of tissue collection, 2.6 ± 0.7 at 30 dpi; Fig. 8d ) and in sorted NSCs (155 ± 10 cells per SVZ at 0 dpi versus 17 ± 12 cells per SVZ at 30 dpi, t(14) = 8.84, P < 0.001, n = 8 mice per group; average EAE disease grade for mice used for tissue analysis at the time of tissue collection, 2.3 ± 0.5 at 30 dpi; Fig. 8e ). Neither expression of NKG2A on NK cells obtained from EAE SVZ (peak versus late stages; Fig. 8f ) nor other inhibitory receptors on NK cells, including Ly49D, Ly49A and Ly49C, was changed during EAE (data not shown). Thus, a loss of tolerance against NSCs may lead to their increased elimination by NK cells during EAE recovery.
Removal of NK cells facilitates recovery
Having found that NK cells modulate NSC activity, we reasoned that manipulation of NK cells during the late stages of EAE might have a different outcome as compared with manipulation of these cells during the initiation phase of EAE. To this aim, we used two experimental approaches. First, we depleted NK cells with anti-NK1.1 mAb in EAE mice starting at 20 dpi (before the late stages). Removal of NK cells facilitated the recovery from neurological deficits (Fig. 8g) . In the second approach, we induced EAE in Rag2 −/− and NK cell-deficient Rag2 −/− γc −/− mice by intravenous transfer of 2D2 MOG peptide-specific T cells. During the late stages, reduced neurological deficits were observed in Rag2 −/− γc −/− mice than in Rag2 −/− mice (Fig. 8h) . This suggests that NK cells hinder EAE recovery independently of T, NKT and B cells. but not RAE-1 or MULT-1, in NSCs from EAE mice at 30, 40 and 60 dpi. n = 6 mice per data plot. P < 0.001, 14 dpi versus 0 dpi; P < 0.001, 30 dpi versus 0 dpi; P < 0.001, 40 dpi versus 0 dpi; P < 0.001, 60 dpi versus 0 dpi. F(4,25) = 33.74, one-way ANOVA. In a-c, average EAE disease grade for mice used for tissue analysis at the time of tissue collection was 3.6 ± 1.0 at 14 dpi, 2.7 ± 0.9 at 30 dpi, 2.6 ± 0.7 at 40 dpi and 2.5 ± 0.6 at 60 dpi. 
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The effects of NK cells on EAE recovery correlated with increased SVZ proliferation in vivo (Supplementary Fig. 9 ). To investigate the role of NSCs, we constructed an adenoviral vector to overexpress Qa1 in SVZ cells (Supplementary Fig. 11 ). After intraventricular injection of the Qa1-encoding adenovirus at 20 dpi, in vivo tolerance of NK cells to NSCs was restored (Supplementary Fig. 12) , with a subsequent facilitation of EAE recovery (Fig. 8i,j) . Consistent with the improvement in the number of NSCs, we found an increase in the number of proliferating NG2 + oligodendrocyte precursors and subsequently more mature oligodendrocytes expressing 2′,3′-cyclic nucleotide 3′-phosphodiesterase as compared with that in phosphate-buffered saline-treated animals ( Supplementary Figs. 13 and 14) . These results suggest the possibility that NK cells impair EAE recovery by inhibiting NSCs. Of note, NG2 + oligodendrocyte precursors expressing Qa1 were relatively resistant to NK cell lysis ( Supplementary  Fig. 15 ). In addition, NSC-derived IL-15 had no prominent effect on proliferation and differentiation of NG2 + oligodendrocyte precursors (Supplementary Fig. 15 ). These data suggest that better recovery from EAE after elimination of NK cells may not be due to direct effects of NK cells or NSCs on oligodendrocyte precursors. Altogether, our findings indicate that removal of NK cells facilitates recovery from neurological deficits following brain inflammation.
DISCUSSION
In contrast to the traditionally held view that, following their initial expansion, NK cells enter a contraction phase once local inflammation decreases 3,4,9,10 , we found that NK cells were maintained by NSCs within the SVZ during the chronic phase of MS and in mice during the late stages of EAE. In both circumstances, the magnitude of inflammatory and autoimmune responses was suppressed while NK cells were retained within the CNS. Although lacking conventional signals that drive NK cells, NSCs provided IL-15 in trans to NK cells, which was both necessary and sufficient to support functionally competent NK cells. Thus, the brain microenvironment, which includes NSCs, is unique in supporting NK cell homeostasis.
The finding that NK cells preferentially accumulated in the SVZ compared with adjacent areas such as the striatum strongly suggested that factor(s) predominantly derived from the SVZ bridge interactions between NK cells and cells of the SVZ. In line with previous findings that IL-15/IL-15Rα complexes are critical for NK cell survival and function 29, 31, 38, 39 , we observed that NSC-derived IL-15/IL-15Rα complexes were necessary and sufficient for the observed NSC-mediated effects on NK cell homeostasis, although additional mediators may be involved. Surface increases in the expression of IL-15 on NSCs during EAE enhanced expression of this cytokine in the SVZ, both during the peak and late stages of EAE, indicating that this cytokine is upregulated for extended periods of time during EAE. SVZ NSCs were identified as a major source of IL-15 during EAE, although other SVZ cells such as astrocytes might serve as an additional source.
NSC-derived IL-15 was mostly present in a heteromeric form as IL-15/IL-15Rα complexes. The coordinated upregulation of surface IL-15 and IL-15Rα during EAE supported the possible requirement of IL-15Rα for IL-15 elaboration. Sensitivity to BFA of cell surface IL-15Rα expression indicated that the process had a post-translational basis, likely involving changes in protein trafficking upon enhanced transit of IL-15Rα from the endoplasmic reticulum to the Golgi apparatus. Additionally, Transwell culture studies indicated that the IL-15-dependent maintenance of NK cell proliferation, function and survival by NSCs was cell contact dependent.
The physical proximity of NK cells to NSCs in the SVZ region during chronic stages of brain inflammation, as manifested with EAE in the present studies, has significant clinical implications. Recent studies reported reduced proliferation of NSCs during EAE 18, 20, 40, 41 , suggesting impaired tissue repair capacity during EAE recovery. Indeed, we found reduced SVZ proliferation and decreased numbers of slowly dividing type B (GFAP + BrdU + ) cells in the SVZ of EAE mice. Notably, we found that infiltrating NK cells directly eliminated SVZ NSCs through a mechanism that involved loss of immune tolerance. Self-tolerance of NK cells is mainly controlled by MHC class I molecules expressed on target cells. Expression of MHC class I molecules on NSCs was dynamically altered during the course of brain inflammation. We found that NK cells remained tolerant to SVZ NSCs during the peak phase of EAE, with increased expression of Qa1. In contrast, tolerance to NSCs was ablated during the late stages (30-60 dpi) owing to downregulation of Qa1. Therefore, the differential role played by NK cells during different phases of EAE may critically depend on dynamic alterations in their tolerance to NSCs and may involve Qa1, a ligand of the inhibitory NK cell receptor NKG2A. Under such circumstances, NK cells eliminate SVZ NSCs and impede neurorepair mechanisms during the late stages of EAE. As a consequence of the cellular interactions between NSCs and NK cells, restoration of NK cell tolerance or NK cell depletion promotes oligodendrogenesis and recovery from immune-mediated damage to myelin sheaths. Of note, although being arbitrary, the EAE scoring system is largely based on spinal cord deficits because quantification of symptoms derived from brain damage is challenging. However, results from brain pathology and neuroimaging can supply more accurate assessments of the stage of disease.
Our findings advance the understanding of the role of NK cells in the progression and recovery from brain inflammation. Because interactions between NSCs and NK cells may hinder the reparative efficacy of NSCs, disruption of these interactions might facilitate regenerative processes during neurological inflammatory disorders.
METhODS
Methods and any associated references are available in the online version of the paper. single sort using a BD FACS Aria with 13 psi pressure and 100-µm nozzle aperture. Data were collected by using a linear digital signal process. Gates were set manually by using control samples. Flow cytometric data were collected on a FACSAria flow cytometer and analyzed with Diva software. Isotype-matched negative control antibodies were used for all stains 12 .
As described 27 , sorted type B, C or A cells or other astrocytes derived from adult mouse SVZ were cultured on 35-mm-diameter culture dishes coated with poly-l-ornithine (Invitrogen, CA) and laminin (Sigma-Aldrich, St. Louis, MO) in DMEM/F-12, supplemented with 15 mM HEPES, 2 mM l-glutamine, 100 U ml −1 penicillin, 100 mg ml −1 streptomycin, (Invitrogen, Grand Island, NY), 20 ng ml −1 EGF and 20 ng ml −1 basic FGF (Sigma-Aldrich, St. Louis, MO). For the culture of type C or A cells, Neurobasal medium was supplemented with B27 (1:50; Invitrogen, Grand Island, NY), 2 mM l-glutamine, 100 U ml −1 penicillin, 100 mg ml −1 streptomycin, 20 ng ml −1 EGF and 20 ng ml −1 FGF (Sigma-Aldrich, St. Louis, MO). Sorted oligodendrocyte precursors were cultured in proliferation medium (Neurobasal medium with 2% B27, 2 mM l-glutamine, 10 ng ml −1 human platelet-derived growth factor and 10 ng ml −1 human basic fibroblast growth factor) or differentiation medium (Neurobasal medium lacking growth factors). luminex assay and elISA. FACS-sorted mouse SVZ cells (1 × 10 6 ) were cultured for 24 h in 1 ml of culture medium in 96-well plates and subsequently lysed with 25 µl cell lysis buffer (Millipore, Billerica, MA). The relative concentrations of cytokines and chemokines from cell lysates were measured in supernatants using antibody-based multiplex immunoassays (Luminex, Austin, TX). Measurements were performed from at least three independent samples, as described 44 .
IL-15 was detected using a chemiluminescence immunoassay (R&D Systems, Minneapolis, MN) that detects both IL-15 and IL-15/IL-15Rα. To measure exclusively IL-15/IL-15Rα complexes, an ELISA specific for IL-15/IL-15Rα was used (eBioscience). VEGF, IL-4 and MCP-1 were detected using ELISA kits (Pierce Biotechnology, Rockford, IL). The standard curve was determined by cubic-spline curve fit using Prism 5.0 software. Intra-assay precision was evaluated by testing six samples of known quantity in triplicate. Interassay precision was evaluated by testing six samples of known quantity in three independent assays.
Quantitative real-time PcR and surface isolation of Il-15Rα. Quantitative real-time PCR and surface isolation of IL-15Rα were performed as described elsewhere 43, [45] [46] [47] . Total RNA from NSCs cultures was extracted using column purification (Qiagen, Gaithersburg, MD) as described 43, 45 . First-strand cDNA was generated with random primers using iScript cDNA synthesis kits (Bio-Rad). Real-time analysis was performed on a Bio-Rad ICycler system (Bio-Rad) using the following conditions: initial denaturation for 10 min at 95 °C, 40 cycles of 15 s denaturation at 95 °C, 30 s annealing at 60 °C, 1 min extension at 72 °C. Analysis was performed according to the ∆∆Ct method using Gapdh as housekeeping gene. The primer sequences of Il15ra were 5′-AAACAGAGGCCAACTGGATAG-3′ and 5′-CTTTGCAACTGGGATGAAAGTC-3′.
For immunoprecipitation of IL-15Rα, cultured NSCs, grown on a 10-cm culture dish, were lysed with a buffer containing 50 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and 1 mM PMSF. The cell lysate was incubated with an anti-IL-15Rα antibody (R&D, Emeryville, CA). The immunoprecipitates were washed 3-5 times with lysis buffer and subjected to western blotting. Cell surface biotinylation in cultured NSCs was performed using the Pierce Cell Surface Protein Isolation kit (Thermo Scientific) according to the manufacturer's protocol. In brief, cells grown on 10-cm culture dishes were washed with PBS and incubated with EZ-Link sulfo-NHS-SS-biotin for 30 min at 4 °C, followed by the addition of a quenching solution. Cells were lysed with 500 µl of a buffer containing Halt protease inhibitor mixture. Lysates were used for western blotting. Biotinylated IL-15Rα was isolated with NeutrAvidin agarose gel, eluted with 400 µl sample buffer containing DTT, and subjected to western blotting with anti-IL-15Rα antibody (sc-1524, Santa Cruz, CA).
51 cr-release assay. NK cell cytotoxicity was evaluated with a standard 51 Crrelease assay. FACS-sorted and cultured NSCs were used as target cells and labeled with 51 Cr. Various effector:target cell ratios were used 12, 26 .
Stereotactic injection. Stereotactic injection was performed as previously described 12, 21, 48, 49 with slight modifications. Briefly, under sterile conditions, mice were anesthetized with isoflurane and secured in a stereotactic frame (David Kopf Instruments, Tujunga, CA). Holes the size of the injection needle were drilled in the skull, and injections were performed unilaterally with 2 µl of vector or with a syringe pump (KD Scientific, Holliston, MA) that delivered vector at a constant volume of 0.5 µl min −1 . The needle was left in place for 3 min after each injection to minimize upward flow of viral solution after raising the needle. For ventricular injections, 10 µl of adenovirus or 2 µl of lentivirus was injected at coordinates 0.4 mm rostral and 1.0 mm lateral to bregma and at a 2 mm depth. For striatal injections, 5 × 10 5 cultured NSCs suspended in 5 µl PBS were injected at coordinates 0.4 mm rostral and 2 mm lateral to bregma, and at a 2.5 mm depth. For intraspinal injections, 5 × 10 5 cultured NSCs suspended in 6 µl PBS were injected at three spinal levels.
construction of an shIl-15 lentivirus vector. A synthetic nestin promoter was composed of partial intron 2 and exon 3 sequences of the human nestin gene and the HSP68 minimal promoter. pCDH-CMV-MCS-EF1-copGFP (System Biosciences, Mountain View, CA) was used as template vector and the CMV promoter was replaced by the nestin promoter. Thereafter, EF1-copGFP was replaced by EGFP and a multiple cloning site (MCS) at the 3′-terminal end of the EGFP gene. The miR-30 based shIL-15 cassette was inserted into the MCS and the construct verified by sequencing. The same vector without insertion of mi-shIL-15 was used as control. The recombinant lentivirus was produced as we previously described 12, 26 .
construction of an adenoviral vector encoding Qa1. The construction of adenoviral vectors encoding Qa1 was performed as described with modifications 12 . Full-length Qa1 cDNA was amplified by RT-PCR from RNA isolated from splenocytes of B6 mice. After verification of the sequence, cDNA was ligated into the DUAL-CCM+ shuttle vector with a C-terminal Flag epitope tag under the control of a CMV promoter (Vector Biolabs, Philadelphia, PA). Recombinant adenovirus was custom-generated by Vector Biolabs (Vector Biolabs, Philadelphia, PA). cytokine array. Cytokines in CNS tissue homogenates were measured using a MultiAnalyte ELISArray kit (SA Biosciences, Valencia, CA). Protein homogenates were extracted from mouse brains using the Halt Protease Inhibitor Cocktail kit (Thermo Fisher Scientific, Fremont, CA) and centrifuged at 78,500g for 1 h at 4 °C, and supernatants were collected and stored at −70 °C until the assay. The levels of cytokines and chemokines were detected simultaneously at 1:20 dilutions according to the manufacturer's instructions, and reactions analyzed at a wavelength of 450 nm using a 96-well microplate reader (Model 680; Bio-Rad Laboratories, Hercules, CA).
Statistical analyses.
Data are presented as means ± s.e.m. Differences were considered significant at P < 0.05. Statistical differences among groups were evaluated by two-tailed unpaired Student's t-test for two groups and by one-way analysis of variance (ANOVA) followed by Tukey post hoc test for three or more groups. Two-way ANOVA accompanied by a Bonferroni post hoc test was used for multiple comparisons. No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those generally employed in the field. The data distribution was assumed to be normal, but this was not formally tested. All statistical analyses were performed using Prism 5.0 software (GraphPad, San Diego, CA).
A Supplementary methods checklist is available.
